The shape memory effect (SME) of Fe-15Mn-5Si-9Cr-5Ni-(0.5-1.5)NbC alloys pre-extended at room temperature was investigated. It shows that the pre-deformation result is similar for the SME of three composition alloys, i.e., the SME increased with increasing pre-extension and then decreased when they were over 12-14% pre-extended at room temperature. X-ray diffraction showed that there are two kinds of martensite transformations (fcc) ! " (hcp) and ! " ! 0 (bcc) occurring in the Fe-15Mn-5Si-9Cr-5Ni-(0.5-1.5)NbC alloys when the alloys were deformed at room temperature. It was found by magnetic saturation measurements that when the alloy was 8% extended at room temperature, 0 phase appeared and obviously increased with increasing deformation. Furthermore, TEM observations showed that 0 phase exists in the cross section of the " martensite and reverses in the different path of ! ". The effect of pre-deformation and aging on SME was correspondingly explained in view of martensite transformations and its nucleation, i.e., stacking faults and associated contribution of NbC precipitation, for ! " transformation.
Introduction
It is well known that shape memory effect (SME) of FeMn-Si-based shape memory alloys (SMAs) is associated with stress-induced martensitic transformation from (austenitefcc) to " (martensite-hcp) and its subsequent reversion of " ! . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Many efforts have been made to improve shape memory properties of Fe-based SMAs and many factors, such as the repeated thermomechanical treatment, so-called ''training'', have been established to improve the SME. However, such a training treatment definitely causes significant energy consumption, makes it difficult to perform in the complicated shapes and, therefore retards its application in industry. Recently, a unique discovery has been found by S. Kajiwara and co-workers. [12] [13] [14] Two groups of alloys containing Nb and C, namely, Fe-28Mn-6Si-5Cr-(0.5-1.5)NbC alloys and Fe-15Mn-5Si-9Cr-5Ni-(0.5-1.5)NbC alloys, were developed based on their conventional counterparts. It was found that shape memory properties of the Fe-Mn-Si-based alloys could be improved by introduction of NbC precipitates to the conventional alloys without the complicated and costincreasing ''training''. Moreover, shape recoveries and recovery stresses comparable to those obtained in the trained samples were achieved by a combination of pre-rolling at 870 K or at room temperature (RT) and further aging for precipitating the NbC particles.
The previous work showed that the effect of pre-rolling at room temperature on SME is largely dependent on the amount of rolling, in particular, for the 15Mn alloys. 15, 16) In this work, tensile deformation at RT was adopted as the predeformation at room temperature instead of rolling. The purpose of the present paper is to report the SME and martensite transformation characteristics for the pre-extended Fe-15Mn-5Si-9Cr-5Ni-(0.5-1.5)NbC alloys.
Experimental
Three Fe-15Mn-5Si-9Cr-5Ni alloys with 0.53Nb-0.06C, 1.06Nb-0.12C and 1.59Nb-0.18C (mass%), were produced by vacuum induction melting. After hot-forging and rolling, solution treatment was carried out at 1470 K for 10 h. The resulting plates underwent pre-tensile deformation at room temperature with different amounts of extension in a mechanical testing device, then the samples were heated at 1087 K (aging) in order to produce the fine precipitation of NbC carbides (0.5NbC%, 1.0NbC% and 1.5NbC% for the three alloys). After aging, shape recovery experiments were performed by extending the samples at room temperature in the tensile instrument and heating to 870 K. In these experiments, the length between the two marks made on the sample surface was measured by using a comparator. Fe-15Mn-5Si-9Cr-5Ni-0.53Nb-0.06C alloy (namely 15Mn0.5NbC) was selected for the microstructure observations and phase analyses. The surface morphology of the extended samples was observed using a D-3000 atomic force microscope (AFM) under the tip mode. Martensitic transformation and microstructure change induced by deformation at room temperature were evaluated by X-ray diffraction (XRD), saturation magnetization and TEM observation. Figure 1 shows the results of the shape recovery of the Fe15Mn-5Si-9Cr-5Ni-(0.5-1.5) NbC alloys pre-extended up to 25% at RT and aged for 10 min at 1070 K. It is found that the shape recoveries of the alloys were obviously influenced by the pre-extension at room temperature, and the pre-extension caused similar effects on the shape recovery for the three alloys. Generally, the shape recovery increased with increasing pre-deformation and there is an upper limit around 12-14% for the improvement by pre-extension. Beyond this limit, a further pre-extension results in the degradation of the shape recovery. Among the three alloys, the 15Mn0.5NbC alloy exhibits the best shape recovery, i.e., around 12% preextension, a 90% recovery of the 4% initial strain is achieved. To be emphasized is that such a high shape recovery is comparable to that of the conventional training alloys.
Results

Shape memory effect
Martensite transformation behavior
In manganese steel, three types of martensite transformations (fcc) ! " (hcp), ! 0 (bcc) and ! " ! 0 , can occur, strongly depending on the compositions and applied deformation strain. Due to the contribution of the $ " transformations to the SME of Fe-Mn-Si based SMAs, most of studies focused on the training Fe-based SMAs by the repetition of a slight deformation at room temperature to induce the ! " transformation at room temperature, followed by annealing at about A f temperature. However, 0 martensitic transformation has also been reported by several researchers in the conventional alloys. [7] [8] [9] Some of them thought that inhabiting the formation of 0 martensite is necessary to get good SME, but some proposed that a small amount of 0 present in matrix would improve the SME. 9) In the present study, the martensite transformations caused by extension at RT were investigated by X-ray diffraction for the 15Mn0.5NbC alloy. Figure 2 shows the X-ray diffraction spectra of the solution-treated 15Mn0.5NbC alloy extended up to 25% deformation. It reveals that for the solution-treated sample, only (fcc austenite) exists in the alloy (Fig. 2(a) ). When tensile deformation is carried out at room temperature, two kinds of martensite: " (hcp) and 0 (bcc) are induced. The " phase was induced at the beginning by external stress (Figs. 2(b) and (c) ). When the alloy is extended over 12%, 0 martensite appeared and with increasing deformation, the amount of 0 martensite increased (Figs. 2(d) , (e)). The formation of the " and 0 martensites can be identified by the appearance of the 10.0 and 10.1 diffraction lines of hcp and 110 line of bcc phase. There is some evidence that the formation of 0 martensite induced by deformation is preceded by " in the conventional Fe-based SMAs, so the ! " ! 0 sequence is suggested for the newly developed alloys with Nb and C addition.
It is known that there is a limit of detection by X-ray diffraction (about 5% for each phase). In this investigation, the saturation magnetization for the different deformed samples was measured in a magnetic field up to 1 T. Figure 3 shows the results of the magnetic measurement. It was found that when the 15Mn0.5NbC alloy was extended around 8%, 0 martensite has already appeared and the saturation magnetization was remarkably increased with increasing pre-extension, which inferred that the amount of bcc phase is definitely increased with increasing deformation. Compared with XRD analysis, it suggested that magnetic measurement is a more effective way to detect the bcc phase in Fe-Mn-Si based alloys.
TEM observations show that 0 martensite phase is always induced at the crossing points of different variants on the different {111} habit planes. Figure 4 Pre-extension (%) Fig. 1 Shape recoveries of the Fe-15Mn-5Si-9Cr-5Ni(0-5-1.5NbC) alloys as a function of pre-extension at room temperature, in which all the samples were 4% extended after aging at 1080 K for 10 min, then heated to 870 K to measure the shape recovery. 
Discussion
Based on the microstructural observation of the training Fe-bsed SMAs, it has generally been concluded that to realize a perfect shape memory effect, the following three conditions must be fulfilled; 1) the stress-induced martensite plate must be a single variant although there are three possible variants for a {111} habit plane, 2) the width of the martensite plate should be extremely small, and 3) these thin martensite plates must be uniformly distributed. 10) It has been established in the previous work that the martensite plates formed in the suitable pre-rolling Fe-based SMAs with NbC precipitated are extremely thin (nano-scale) and are of single variant, and this microstructural feature is very similar to that of the trained specimen. 17) The results suggest that, to the NbC precipitated Fe-based SMAs, the main reason for the improvement in SME is related to close association between the fine dispersed NbC carbides and the density of stacking faults in the fcc matrix. NbC particles are considered to contribute the nucleation sites to the martensite plates and the stress fields around them favor the reverse transformation and thereby improving the SME.
From the present work, it was shown that the effect of preextension at room temperature on SME is largely dependent on the amount of pre-extension for the three alloys, i.e., the SME increased with increasing pre-extension and then decreased beyond a critical point about 12-14% preextension, which infers that the different shape recoveries of the alloys produced by pre-deformation results in different state of nuclei and later microstructures formed by further deformation after aging at 1080 K for 10 min. 18, 19) When the alloy is 12-14% pre-deformed followed by aging at 1080 K for 10 min, the uniform distribution of sacking faults (SF) with NbC precipitation at their tip will be the most favorable nuclei for the fcc to hcp transformation, therefore, nearly perfect SME is achieved. When the alloys were pre-deformed with a lower amount of pre-deformation at room temperature before aging, it is expected those nuclei are small in number and not uniformly distributed, which will lead a multi-variant martensite that are difficult to reverse transformation along the same atomic path as that of the forward transformation, consequently, the SME is not so good.
When the alloys are deformed over a critical point of predeformation, the shape memory effect is decreased. AFM observations show that when the samples are severely deformed, martensite will be produced on all the four {111} fcc habit planes, as shown in Fig. 5(a) , in which the sample was 19% extended at room temperature. The ''net'' of " martensite plates in different colors, indicated as a, b and c in Fig. 5(a) , suggests that different variants occur in three (111) fcc . Figure 5(b) shows the three dimensional image corresponding to the same site in Fig. 5(a) , in which the surface relives and the intercross of the martensite can be seen more clearly. When such a sample is deformed again after heating 1080 K for 10 min, the same pattern of matensite formation will be likely induced even at relatively small initial strains in one grain due to the microstructure memory. This kind of martensite plates are undoubtedly hard to revert to austenite via the reverse atomic path as in the forward transformation and result in a poor shape recovery. 19) One of the principle reasons is that high density of dislocation and stacking faults resulting from the severely deformed process maybe bring negative influence on the precipitation and distribution of the NbC particles during the aging process, and they were still present in high density in the matrix after aging at 1070 K for 10 min. In this case, the NbC particles provide a weak alternative of stimulating martensite nucleation by partial dislocation movement to generate SF nuclei around particles, therefore the transformation of ! " is decreased with the increase of pre-deformation. On the other hand, 0 martensite, formed at the crossing region of hcp martensite plates on different habit plates (as shown in Fig. 4) , was involved in the thermo-mechanical treatment. It was proved that after heating up to the beginning temperature of 0 reversion, 0 martensite would directly reverse to austenite, not by the same atom path from the ". heating above the A f for 0 ! ) would be the unfavorable nuclei when the further ! " transformation occurred during the SME measurement. It is worth mentioning that our preliminary experiment in Fe-28Mn-6Si-5Cr-0.53Nb-0.06C alloy showed that no such deterioration in shape recovery occurred for the large pre-deformation at room temperature. 15, 16) This is probably because the bcc phase is not induced even by severe deformation at room temperature. However, we need further investigation to draw a consistent conclusion.
Conclusions
The shape recovery and the related martensite transformation in Fe-15Mn-5Si-9Cr-5Ni alloys with (0-5-1.5NbC) were investigated. The conclusions are summarized as follows:
(1) The three alloys with different NbC contents show a similar shape recovery dependency on the pre-strain. A suitable pre-extension can result in an excellent shape memory effect (SME), but severe pre-deformation will cause degradation of the SME. The shape recovery difference results in the different nuclear states of stacking faults and contribution of NbC precipitation by pre-deformation and aging. (2) There are two kinds of martensite transformations, ! " and ! " ! 0 , occurring in the Fe-15Mn-5Si-9Cr-5Ni-(0.5-1.5) NbC alloys by pre-extension at room temperature. For the first time, a saturation measurement shows that 0 appeared when the alloy was 8% extended at room temperature.
(3) TEM observation shows that " martensite were induced in the three (111) fcc , and 0 phase were induced in crossing places of " martensite plates, which contribute to the degradation in SME. 
